Continuous observations of the vertical structure of the planetary boundary layer are invaluable for the 9 validation of atmospheric transport models on the micro and meso scale. Lidar and ceilometer backscatter 10 observations offer a robust technique with growing spatial coverage, but the obtained backscatter profiles need to 11 be carefully translated into boundary layer parameters. Here we present the development of the PathfinderTURB 12 algorithm for the analysis of ceilometer backscatter data and the real-time detection of the vertical structure of 13 the planetary boundary layer. Two typical aerosol layer heights are retrieved by PathfinderTURB: the 14 Convective Boundary Layer (CBL) and the Continuous Aerosol Layer (CAL). PathfinderTURB combines the 15 strengths of gradient-and variance-based methods and addresses the layer attribution problem by adopting a 16 geodesic approach. The algorithm has been applied to one year of data measured by two CHM15k ceilometers 17 operated at the Aerological Observatory of Payerne (491 m, a.s.l.) on the Swiss plateau, and at the Kleine 18 Scheidegg (2061 m, a.s.l.) in the Swiss Alps. The retrieval of the CBL has been validated at Payerne using two 19 reference methods: (1) manual detections of the CBL height performed by independent human experts using the 20 ceilometer backscatter data of the year 2014; (2) values of CBL heights calculated using the Richardson's 21 method from co-located radio sounding data. We found average biases as small as 27 m (53 m) with respect to 22 reference method 1 (2). Based on the excellent agreement with the two reference methods, PathfinderTURB has 23 been applied to the ceilometer data at the mountainous site of the Kleine Scheidegg for the period September 24 2014 till November 2015. At this site, the CHM15k is operated in a novel, tilted configuration at 71° zenith 25 angle to probe the air next to the Sphinx Observatory (3580 m, a.s.l.) on the Jungfraujoch (JFJ). The analysis of 26 the retrieved layers led to the following results: the CAL reaches the JFJ during 41% of the time in summer and 27 during 21% of the time in winter for a total of 97 days during the two seasons. The season-averaged daily cycles 28 show that the CBL height reaches the JFJ only during short periods (4% of the time) on 20 individual days in 29 summer and never during winter. Especially during summer the CBL and the CAL modify the air sampled in-30 situ at JFJ, resulting in an unequivocal dependence of the measured absorption coefficient on the height of both 31 layers. This highlights the relevance of retrieving the height of CAL and CBL in mountainous regions.
2 characterized by negative buoyancy flux. The description and detection of the EZ has drawn particular attention 1 in studies about the CBL dynamics during the last decades. There are various methods to study the CBL and the 2 EZ, based on profiles of temperature, backscatter or turbulence measured either by radio-sounding or by passive 3 and active remote sensing or calculated by numerical models. Amongst the different observational methods, the 4 remote sensing technique ensures the largest amount of profile data. Active remote sensing (acoustic or laser-5 based) provides the best vertical resolution allowing to resolve the multiple transitions (including the EZ) 6 between different layers in the CBL and the FT. The instrument used for our study is a ceilometer, a low-power, 7 compact and cost-effective version of a research LIDAR. A ceilometer is normally single-wavelength, and emits 8 linearly-polarized laser light in the near-infrared spectral band (800-1100 nm), where the signal is highly 9 sensitive to aerosols and cloud droplets. In the early 2000's, the major manufacturers (e.g., Vaisala, Leosphere, 10 MPL, Jenoptik) started producing ceilometers with the capability to store the full backscatter profile instead of 11 the cloud base only. As a consequence, ceilometers have been rapidly recognized by the national meteorological 12 services and research centres in Europe and worldwide as an efficient and affordable way to study the 13 troposphere using aerosols as tracers (e.g., Münkel, 2007 
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In order to process automatically a large amount of data over a large and geographically-diverse domain, we 20 need an algorithm capable of retrieving the vertical structure of the mixed layer (ML) during both convective 21 (CBL) and stable (SBL) conditions and over both flat and complex terrain. The term "mixed" (different from 22 "mixing") indicates a layer in which the profiles of potential temperature and humidity do not vary much in 23 height and the particles and gases are well-mixed, but are not necessarily still mixing. Whereas, within the CBL 24 there is an ongoing active mixing normally related to the daytime updraft and downdraft cycle. Inside the ML 25 ( and to some extent also in the FT) several aerosol layers can be formed: an efficient retrieval method shall then 26 solve the attribution problem (layer categorization), i.e. the unambiguous detections of the aerosol layers and the 27 EZ. The attribution problem still remains one of the major sources of uncertainty affecting the ML height (MLH) 28 retrieval. In order to respond to these requirements, we have further developed, validated and applied the 
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The gradient-based algorithms retrieve the MLH by tracking the well-marked drop in the aerosol concentration 18 that often occurs at the base of (or within) the EZ in convective conditions or at the level of the temperature 19 inversion capping the residual layer (RL), in neutrally-stratified conditions. All vertical negative gradients found 20 starting from the ground are transitions between different aerosol layers and correspond to peaks along the 21 LIDAR backscatter gradient profile. All peaks are labelled as possible candidates of the MLH (layer attribution) 22 at each time step. The traditional approach using numerical approximations of the first or second derivatives of 23 the LIDAR signal (e.g., Menut et al., 1999) , has been improved by using the wavelet covariance transform and 24 the fact that the strong gradient occurring at the top of a layer exists at both small and large scales allowing the 25 
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Because the transitions between different aerosol layers and between the ML and the FT are characterized by 11 both a sharp gradient in aerosol concentration and by mixing of air through the interface, the variance-and 12 gradient-based algorithms normally provide similar retrievals of the MLH. Still, the gradient-based and the 13 variance-based algorithms have their specific advantages and disadvantages under different atmospheric 14 conditions. Indeed, the depth and structure of the ML depend on non-linear interactions at different timescales,
15
induced by mechanical and thermodynamic mixing. When retrieving the MLH it is then important to include in 16 the algorithm more than one source of information (e.g. gradient, variance, a priori information) in order to 17 account for the largest number of atmospheric conditions and then to minimize the attribution uncertainty.
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Combining the variance-and gradient-based methods allows to compare the two retrievals at each time step 19 ( We thus define the lower altitude limit, minH, as the first range where there is a transition from a zero to a 8 positive gradient and we impose minH not to be higher than 350 m (where the overlap of the ceilometer is 9 normally sufficiently large to allow physical measurements).
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During the morning and until the end of the afternoon, we expect the CBLH to lie at least above the first region 11 from the ground where turbulence is observed. Therefore, an additional inferior limit for altitude minH TURB is set, 12 which delimits the first appearance of turbulence, and that is derived from the calculation of the atmospheric 13 variability. The lower altitude limit minH is replaced by minH TURB whenever the latter is higher than the former. The validity of the limits is checked (e.g. the lower limit cannot be higher than the upper limit). Then the limits 10 are recalculated backwards in time (i.e. from 23:59 to 00:00), taking into account a growth rate limited to 11 0.625m/s between two time steps (i.e. only jumps < 37.5 m at PAY and < 75 m at KSE in altitude are allowed 12 between two time steps). This growth rate is larger than the climatological growth rate of 1 km/h, because it 13 allows larger jumps over shorter time steps in order to account for the convective dynamics, e.g. updraft and 14 downdraft cycle. For KSE the weights are obtained by the same as equation (1), but without the contribution of the variance, 26 because, due to the slant path and the higher noise already within the CBL we preferred not to use the signal 27 variance as a weight (statistically over the entire dataset the SNR < 3 already at 850 m a.g.l.). (the distance to the inferior graph limit is taken if it is less than 150 m). If this ratio is larger than 0.85 (i.e. the 14 signal drop is less than 15%), the quality is set to 0, else it is set to 1.This quality check procedure is similar to there was more than one layer that could be reasonably followed as CBLH, for example when an advected 30 aerosol layer enters the profile and gets mixed inside the CBL or during the often ambiguous separation between 31 the RL and the decaying CBL in the afternoon after the convective peak. variance methods to improve the correctness of the retrieval in different atmospheric conditions, the retrieval's 1 uncertainty grows larger during the afternoon due to the convective decay before sunset, the weak turbulence and 2 the lack of well-marked aerosol gradients. During this period, temperature or vertical wind variability profiles 3 may provide more valuable information than ceilometer data. (Fig. 4) . About the 98% of the data have an error smaller than 500 m, and the 82% have an error smaller 36 than the 10% (plus 100 m) of the CBLH retrieval by bR. In general, the correlation between PathfinderTURB (ceilometer-based) and the bR retrievals (RS-based) is not quite as good as the one between PathfinderTURB 1 and the experts' retrievals (both ceilometer-based). When comparing the two methods, one using radiosonde and 2 the other the ceilometer data, it should be remembered that the two methods rely on different physical processes, data we conclude that the bR-based CBLH rises generally faster than the aerosol gradient in the morning. The 9 decay of the bR-based CBLH occurs also generally faster than that of the aerosol gradient in the late afternoon, 10 resulting in bR retrievals lower than the CBLH retrievals based on aerosol gradient. This is explained by the fact 11 that the aerosols remain suspended in the near-neutrally stratified air (transition from CBL to RL) and that no 12 detectable aerosol gradient forms at the top of the decaying CBL. The gradient remains thus at about the same 13 altitude as its midday maximum leading to a significant overestimation by PathfinderTURB. For this reason,
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LIDAR and ceilometers using aerosols as tracers are not best suited to detect the CBL decay, but rather the RL.
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Nevertheless, although at the local noon the bR still diagnoses slightly higher CBLH, the time when the peak of 
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Because PathfinderTURB is based on the same retrieval principle during day and night, i.e. it looks for the first 31 discontinuity in the well-mixed aerosol region, we will refer to the retrieved nighttime layer also as to mixing 32 layer or LCBL even when the mixing is not due to convection, but rather to mechanical mixing from surface and 
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During spring (Fig.6a) , summer ( Fig.6b ) and autumn (Fig.6c ), the LCBLH grows through morning till reaching a 6 peak in the afternoon. From the systematic visual inspection and comparison of LCBLH timeseries at PAY and 7 KSE, we can say that the LCBLH peak occurs later at KSE than at the PAY. During the night, the LCBLH In Table 1 we show, for each month during the studied period, the number of hours (cumulative 2-minute data 10 points over the month), the number of days (number of days with at least one data point), and the percentage of 
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The relation between the TCAL and the absorption coefficient at 637 nm, shown in Figure 9 , has been studied in and corresponds more to the RL top rather than to the decaying CBL top. In fact, any method using aerosols as 24 tracers (e.g. LIDAR) is not best suited to detect the afternoon CBL drop, but rather the RL.
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The algorithm has been applied to one year of data measured by two CHM15k ceilometers operated at the 
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The results presented in Section 6 showed that the PathfinderTURB can be adapted to slant-path probing, thus 1 providing real time and continuous LCBLH and TCAL data along the line of sight of the CHM15k. This has 2 allowed to separate the contribution of these two layers and to understand their impact on the absorption 3 coefficient measured in-situ at JFJ.
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The season-averaged daily cycle shows that the CAL reaches or includes the JFJ for the 40.92% of the total time 5 in summer and for the 21.23% of the total time in winter for a total of 97 days during the two seasons. The 6 statistics suggest that the CAL modifies the physical and chemical properties of the air sampled at JFJ, especially 7 during summer when the absorption coefficient at 637 nm at JFJ shows a distinct dependence on the CAL depth.
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The season-averaged daily cycles show that the LCBL reaches or includes the JFJ for short periods (3.94% of the 9 total time) on 20 days in summer and never during winter. The statistics suggest that also the LCBL modifies the 
